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Each olfactory sensory neuron (OSN) in mouse choo-
ses one of 1,200 odorant receptor (OR) genes for
expression. OR genes are chosen for expression by
greatly varying numbers of OSNs. The mechanisms
that regulate the probability of OR gene choice
remain unclear. Here, we have applied the Nano-
String platform of fluorescent barcodes and digital
readout to measure RNA levels of 577 OR genes
in a single reaction, with probes designed against
coding sequences. In an inbred mouse strain with
a targeted deletion in the P element, we find that
this element regulates OR gene choice differentially
across its cluster of 24 OR genes. Importantly, the
fold changes of NanoString counts in DP or DH
mice are in very close agreement with the fold
changes of cell counts, determined by in situ hybrid-
ization. Thus, the P and H elements regulate the
probability of OR gene choice, not OR transcript level
per OSN.INTRODUCTION
With1,200 genes inmouse, odorant receptor (OR) genes (Buck
and Axel, 1991) constitute the largest gene family in its genome
and perhaps in any genome. These genes are scattered over
40 loci throughout the mouse genome (Zhang et al., 2007). It
is widely thought that a mature olfactory sensory neuron (OSN)
expressesRNA for only oneORgene (Malnic et al., 1999). A given
OSNexpresses only one allele of anORgene (Chess et al., 1994).
Expression of one OR gene per OSN does not mean, however,
that an OR gene is expressed in 1/1,200th of the total population
of OSNs. On the contrary: counts of OSNs expressing a givenOR
gene inmouseor rat give numbers that can varygreatly fromgene
to gene (Iwema et al., 2004; Mombaerts, 2004; Lee et al., 2009;
Rodriguez-Gil et al., 2010). Screening of cDNA libraries and
RT-PCR experiments with degenerate primers also reveal
unequal tissue RNA levels across the OR repertoire, varying by
almost 300-fold (Young et al., 2003).
Olfr1507, which is typically referred to with its original name
MOR28, has repeatedly come up as one of the most frequently
chosen OR genes. Among a cluster of seven OR genes on chro-
mosome (Chr) 14, Olfr1507 is the gene that is nearest to the Helement, the first regulatory element for an OR gene cluster to
be described (Serizawa et al., 2003). Mice with a complete or
partial deletion in the H element (DH) show no expression of
Olfr1507 and two adjacent genes (Fuss et al., 2007; Nishizumi
et al., 2007). The absence of changes in expression of OR genes
on other chromosomes in DH mice is not consistent with the
hypothesis of the H element functioning as a trans-acting
enhancer element that controls the activation of only one OR
gene in an OSN via interchromosomal interactions (Lomvardas
et al., 2006).
We have recently described a second candidate regulatory
element for OR expression, the P element (Bozza et al., 2009).
This 317 base pair (bp) sequence has 70% homology to
the experimentally verified promoter of the adjacent OR gene
P3 (= Olfr713), after which we named it. We came across an
unexpected activity of the P element in transgenic mice: fusing
this sequence to the sequence encoding taubgalactosidase
(Mombaerts et al., 1996) results in labeling of 10% of mature,
class II-OR-expressing OSNs in several lines of transgenic
mice. Full activity of the P locus may be conferred by sequences
that are longer or shorter than this 317 bp sequence.
Here, we address a poorly studied and understood aspect of
OR gene choice: the probability with which anORgene is chosen
for expression in a mouse. The probability of OR gene choice is
operationally defined as the number of OSNs that express the
OR gene. First, we generated a mouse strain with a targeted
deletion in the P element (DP). We established and maintained
this strain in an inbred C57BL/6 background. Next, we devel-
oped an assay based on the NanoString multiplex platform
with fluorescent barcodes and digital readout of single-molecule
imaging (Geiss et al., 2008). We can now measure RNA levels of
577 OR genes in a single reaction and in a single tube, from 1 mg
total RNA of whole olfactory mucosa. The NanoString platform
does not involve reverse transcription or any other enzymatic
reaction. Our NanoString probes are designed against the
coding sequence for all but four OR genes.
We find that the effects of DP, like those of DH, are local: 10 of
the 24 OR genes in the P centromeric cluster show altered
expression, but none of the 23 OR genes in the adjacent P telo-
meric cluster and none of the 530 OR genes elsewhere in the
genome for which we could design NanoString probes. By
counting OSNs that express a given OR gene using in situ
hybridization, we find that the fold changes of the numbers of
OSNs between DP or DH mice and wild-type control mice are
in very close agreement with the fold changes of RNA levels as
measured with the NanoString assay in whole olfactory mucosa.Cell 147, 907–921, November 11, 2011 ª2011 Elsevier Inc. 907
Thus, the P and H elements regulate the probability of OR gene
choice differentially across their clusters, but not the average
level of OR transcripts per OSN.
The properties of the P and H elements exemplify the concept
of an enhancer as a distant element that regulates the probability
that a promoter is in a stable active state of transcription, but not
the level of transcription from that promoter. By serving as
a binary on/off switch for transcription, the P, H, and similar
elements may be a critical component of the mechanisms that
result in the expression of one OR gene per OSN.
RESULTS
The P Locus
The P element occupies positions 114, 191, 354–114, 191, 670
on Chr 7 (Ensembl release 62), between OR genes Olfr713
(= P3) and Olfr714 (= P4). It resides toward the telomeric end
of a cluster of 24 OR genes spread over 470 kilobase (kb), which
we term the P centromeric (Pcen) cluster (Figure 1A). These 24
OR genes have intact open reading frames and belong to four
families: 12 ORs of family MOR283, 6 of MOR260, 3 of
MOR103, and 3 of MOR263. The Pcen cluster is followed telo-
merically by a region of 666 kb that is devoid of OR genes and
contains Syt9, which encodes synaptotagmin 9. Next is the P te-
lomeric (Ptel) cluster with 41 intact ORgenes and 2 pseudogenes
spread over 1.08 megabase (Mb). The distal cluster on Chr 7 is
located 31.3 Mb telomerically to the Ptel cluster and consists
of 20 OR genes spread over 543 kb. Finally, 1.26Mb centromeric
to the Pcen cluster is the single cluster of class I OR genes, with
125 intact OR genes and 18 pseudogenes spread over 2.9 Mb.
Targeted Mutagenesis of the P Element in an Inbred
C57BL/6 Background
A targeting vector was constructed from C57BL/6 DNA to
generate a deletion in the P element (Figure 1B). Gene targeting
was carried out in the embryonic stem (ES) cell line Bruce 4
(Ko¨ntgen et al., 1993), which is derived from a C57BL/6 embryo.
Self-excision of the neo selectable marker during transmission
through the male germline serves to prevent undesired effects
of this highly expressed gene on expression of the nearby OR
genes. We established the targeted mutation DP in an inbred
C57BL/6 strain called Berry. We generated a wild-type control
strain in a C57BL/6 background in parallel from germline
offspring that inherited thewild-type P allele frommale chimeras.
We opted for an inbred C57BL/6 background such that
the NanoString probe sequences, which are designed from
C57BL/6, match exactly the OR sequences in the mutant strain.
As ES cells can accumulate mutations in culture, we amplified by
PCR from genomic DNA of DP mice the segments to which
NanoString probes were designed, for 23/24 OR genes in the
Pcen cluster. We thus confirmed that OR target sequences in
DP mice show no polymorphisms with the NanoString probe
sequences.
NanoString Multiplex Assays for OR Genes
Next, we developed an assay for OR gene expression based on
the NanoStringmultiplex platformwith fluorescent barcodes and
digital readout of single-molecule imaging (Geiss et al., 2008).908 Cell 147, 907–921, November 11, 2011 ª2011 Elsevier Inc.This technology enables parallel analysis of the RNA levels of
up to 800 target genes in a single reaction and a single tube,
using total RNA or cell lysate, without reverse transcription of
RNA or any other enzymatic step. An RNA target is detected
by two adjacent single-stranded probes of up to 50 nucleotides.
We made the strategic decision to design the NanoString
probes against OR coding sequences, due to the paucity of ex-
perimentally verified, reliable 50 and 30 nontranslated sequence
information for OR genes; much of this information is predicted
computationally. Moreover, alternative splicing is frequently
observed in the 50 nontranslated region of OR genes. Due to
probe design constraints, we had to resort to using 50 nontrans-
lated sequence for one gene (Olfr708) in the Pcen cluster and 50
(Olfr473) or 30 (Olfr469,Olfr504) nontranslated sequence for three
OR genes in the Ptel cluster. In total, we could design probes for
592 mouse OR genes with an intact open reading frame, which
is half of the repertoire of 1,200 OR genes. All 24 OR genes
in the Pcen cluster are represented. Our largest CodeSet, Gorilla,
has probes for 592 OR genes as well as for eight non-OR genes
that are expressed in OSNs and serve as reference genes for
normalization: Adcy3, Ano2, Cnga2, Cnga4, Gap43, Gnal,
Gnas, and Omp. For some experiments, we used four smaller
CodeSets: Pilot-65 (65 genes, including 55 ORs), Pilot-65b
(66 genes, including 55 ORs), Century (100 genes, including
89 ORs), and Matrix (200 genes, including 192 ORs). Probe
sequences can be found in the Supplemental Information avail-
able online.
After an initial set of optimization experiments, we settled on
1 mg total RNA from dissected whole olfactory mucosa. Of the
592 OR genes in Gorilla, 577 (97.5%) give reliably signals above
background in wild-type control mice. Raw NanoString counts
are first normalized to the positive controls that are included in
each CodeSet in the form of spikes of ‘‘alien’’ sequences; this
first normalization controls for technical, lane-to-lane variability
(Geiss et al., 2008). A second normalization controls for biolog-
ical, sample-to-sample variability in the contribution of RNA
from mature OSNs (the cells in the samples that express OR
genes) to the 1 mg RNA that is tested. Normalization to OSN-
specific genes is particularly relevant, as OSNs constitute
a minority of the cells in the dissected tissue samples. By
applying the algorithm geNorm (Vandesompele et al., 2002),
we identified five reference genes as the most stably expressed
among our samples: Adcy3, Ano2, Cnga2, Gnal, and Omp.
These genes encode components of the odorant-evoked signal
transduction pathway (respectively: adenylyl cyclase; calcium-
activated chloride channel; cyclic-nucleotide gated channel
subunit; G protein subunit) and the olfactory marker protein,
a protein of unknown function that is expressed at high levels
in mature OSNs and is widely used as a marker for mature
OSNs. The second normalization uses the geometric mean of
these five reference genes as normalization factor.
Sensitivity and Specificity of the NanoString Multiplex
Assays
Developing an assay that includes probes for 592 genes with
high sequence similarity and that is applied to tissue samples
in which each population of cells expressing a target gene is
minute poses challenges to sensitivity and specificity.
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Figure 1. Genomic Region and Targeted Mutagenesis of the P Locus
(A) Genomic region of Chr 7 in which the P element is located. Centromeric is to the left, telomeric to the right. The transcriptional orientation of OR genes is
indicated by the orientation of the green arrowheads.
(B) Targeted mutagenesis of the P element. (Top) Detail of the Pcen cluster. (Second line) Wild-type P locus, with 50 and 30 homology arms of the targeting vector
and 50 and 30 external probes used to detect homologous recombination by genomic Southern blot hybridization; the sizes of the restriction fragments for the
wild-type locus are indicated. (Third line) Targeted P allele; ACNf is the neo selectable marker. (Bottom) Targeted P allele after neo self-excision in the male
germline; one loxP site is a remnant of Cre-mediated excision.A first set of control experiments is based on flow-cytometric
sorting of GFP-expressing cells from dissociated cell prepara-
tions of olfactory mucosa of gene-targeted mice, in which
a particular OR gene is tagged with an IRES-tauGFP cassette
(Feinstein et al., 2004). OSNs that express the tagged OR gene
coexpress tauGFP by virtue of an internal ribosome entry site
(IRES). We sorted pools of 650–1,140 cells with a JSAN desktop
cell sorter and purified RNA or used direct lysate of the sorted
cells. Figure 2A shows counts with CodeSet Pilot-65 for OSNs
that express Olfr15 (= MOR256-17) and CodeSet Pilot-65b forOSNs that express Olfr17 (= P2). As expected, there is a peak
in the counts only for the OR gene that is tagged with IRES-
tauGFP. These control experiments illustrate the high sensitivity
of the assay.
A second control experiment, testing primarily specificity,
involves the ideal (but rarely available) negative control for a
gene expression assay: samples from a deletion mutant, an
organism that lacks the target gene(s) entirely. We made use
of a mouse strain (S. Xie, P. Feinstein, and P.M., unpublished
data) in which chromosome engineering (Ramı´rez-Solis et al.,Cell 147, 907–921, November 11, 2011 ª2011 Elsevier Inc. 909
Figure 2. Sensitivity and Specificity of the NanoString Multiplex Assays for OR Genes
(A) Analysis of GFP+ cells flow-cytometrically sorted from OR-IRES-tauGFP. (Top) Cells sorted from MOR256-17-IRES-tauGFP homozygous mice
(MOR256-17 = Olfr15) and assayed with CodeSet Pilot-65. (Bottom) Cells sorted from P2-IRES-tauGFP homozygous mice (P2 = Olfr17) and assayed with
CodeSet Pilot-65b. (Blue columns) RNA purified from cells; (yellow columns) lysate of cells. (Horizontal axes) Probes in the CodeSets, with non-OR genes
highlighted in the gray block and OR genes arranged according to their relative position along the chromosomes. (Vertical axes) Normalized NanoString counts;
note the different scales in the top and bottom panels.
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1995) has excised a 2.4 Mb region on Chr 9 that contains 118 of
the 120 OR genes of the Olfr7 cluster (Xie et al., 2000). Mutant
and wild-type mice are 21 days old and in an inbred 129/SvEv
background, such that the counts are comparable. Figure 2B
shows that the 41 probes for the genes in the deleted region
give counts at background levels in mutant mice; there are no
differentially expressed (DE) genes other than those in the
deleted cluster. (Incidentally, Olfr986, which resides 59 kb from
the telomeric breakpoint of the deletion, is expressed normally,
suggesting that its expression does not depend on a regulatory
element within the 2.4 Mb region.) This control experiment with
our largest CodeSet is a powerful demonstration of specificity.
Ten OR Genes Are Expressed Differentially in DP Mice
Unless indicated otherwise, NanoString experiments use RNA
samples from six homozygous and six wild-type control mice
run in parallel; the mice are exactly 21 days old; mice of a given
genotype are littermates; and a gene is classified as DE by
a test relative to a fold change threshold (McCarthy and
Smyth, 2009), adapted here for the Student’s t test, tTREAT.
The fold change threshold is 1.3, and p % 0.01 is chosen for
significance.
Figure 3A shows log2 of the fold change (M) for each gene
plotted against log2 of the average (A) of the doubly normalized
and background-subtracted counts of wild-type control mice.
Of the 577 OR genes assayed in Gorilla, there are only ten DE
genes in DP mice, and they all belong to the Pcen cluster. Nine
of these ten genes give lower counts, and Olfr715 gives higher
counts. Two genes, Olfr2 (= I7) and Olfr711, give counts that
are greatly reduced. There is no relation between the fold change
and the magnitude of the counts in wild-type control mice. For
instance, the four genes with a similar decrease of 3- to 4-fold
(Olfr707, Olfr710, Olfr704, and Olfr705) give counts in wild-type
control mice over a range of 45-fold.
The effects of DP on OR gene expression are confined to the
telomeric segment of the Pcen cluster. Figure 3B plots the
normalized counts against the relative genomic position of 47
OR genes in the Pcen and Ptel clusters. The nine OR genes
with decreased expression are within 209 kb of the P element.
There is no clear correlation between linear distance to the P
element and the effect of DP. Olfr714 (decreased) is followed te-
lomerically byOlfr17 (= P2, non-DE), then byOlfr715 (increased),
andfinally byOlfr716 (non-DE). All fourMOR families are affected:
2/12of theMOR283 family, 3/6 forMOR260, 3/3 forMOR103, and
2/3 for MOR263 (Figure 5C). Within a family, OR genes can be
affected to different extents. The three genes that are the most
affected belong to the MOR103 family. The affected OR genes
are expressed in the ventral region of the olfactory epithelium.
Validation of NanoString by Real-Time Quantitative PCR
We sought to confirm the salient findings with an older, well-es-
tablished platform for gene expression: real-time quantitative(B) Analysis of whole olfactory mucosa samples of wild-type 129SvEv mice com
encompasses 118 OR genes on Chr 9, with CodeSet Gorilla. (Green columns)Wild
represent themean of normalized counts + 99%CI. (Horizontal axis) Probes, with
for other OR genes are not shown. Chromosome engineering resulted in a d
(telomerically) and abuts the stop codon of Olfr985; it leaves Olfr986 intact. (VertPCR (qPCR). This assay measures the RNA level of one target
per reaction but requires reverse transcription of mRNA into
cDNA. Importantly, the TaqMan assays are designed against
different target sequences than our NanoString probes.
Figure 4A reveals a Pearson product-moment correlation
coefficient of 0.992 (which is extremely close to the maximum
of 1.00) between log2 of the fold change detected by experi-
ments with an ABI StepOnePlus qPCR system versus the value
reported by NanoString, both for the DE and non-DE genes in
the Pcen cluster. The increase in expression of Olfr715 is
confirmed by qPCR. Figure 4B shows that, for each of these
13 OR genes, there is no significant difference between the
fold changes of the NanoString and qPCR values, indicating
the excellent agreement between the assays. For ten of these
genes, the 99% confidence interval (CI) is wider for qPCR than
for NanoString. Figure 4C summarizes the results of 8,846
qPCR reactions carried out on a Fluidigm BioMark HD system,
in which the samples and TaqMan reagents are multiplexed by
microfluidics. The CIs for the Fluidigm and NanoString experi-
ments overlap for all 28 OR genes tested.
Thus, the results of our NanoString and two types of qPCR
experiments are highly correlated and have a very close
agreement.
The DP Gene Expression Phenotype Is Local, Early,
and Stable
Figure 5A plots the M values of the 577 informative OR genes
in CodeSet Gorilla against their relative positions along the
chromosomes. This MC plot illustrates graphically the local
effect of DP: there is a local dip in expression of nine OR genes
and a spike in one OR gene. None of the other 567 OR genes
(= 98.3%) is expressed differentially according to the tTREAT
test, based on the criteria of a fold change ofR 1.3 (increased)
or % 1/1.3 (decreased) and a p value % 0.01. We carried out
a 1,000-fold bootstrap analysis by resampling with replacement.
We find that the 10 genes that are DE in the original data set are
revealed in 1,000 of the 1,000 bootstrapped sets, providing
a strong internal validation of tTREAT statistical analysis. The
OR repertoire appears to react globally to the decreased expres-
sion of nine OR genes, some of which (such as Olfr2 and Olfr6)
are expressed in large numbers of OSNs: the geometric mean
of the fold change for the 553 OR genes outside the Pcen cluster
is 1.09, significantly different than wild-type control mice (one
sample t test, p < 0.001).
Figure 5B shows that the local differences in OR gene expres-
sion are already established in 3-day-old DP mice, using Code-
Set Gorilla. The ranking of OR genes from most to least affected
is very similar between 3-day-old and 21-day-old mice. Olfr715
is not DE in 3-day-old mice.
Figure 5C shows a developmental profile of Pcen OR genes in
DP mice that are 10, 21, 35, or 70 days old, using CodeSet
Century. We first assessed each age group separately for DEpared to 129SvEv mice harboring a 2.4 Mb deletion of the Olfr7 cluster that
-type control mice; (red columns) mice homozygous for the deletion. Error bars
OR genes arranged according to their relative position on Chr 9; data for probes
eletion of OR genes from Olfr160 (centromerically) to and including Olfr984
ical axis) Normalized NanoString counts.
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Figure 3. Ten OR Genes Are Differentially Expressed in DP Mice
(A) (Left) MA plot of normalized counts with Gorilla. The horizontal axis represents A, the log2 average of the doubly normalized and background-subtracted
counts. (Vertical black stippled line) The maximum of the counts for the eight negative controls (thus, the highest background value). The vertical axis represents
M, log2 of the fold change of mutant over wild-type; negative M values reflect a decrease in counts. (Horizontal red stippled line) The average M value of all OR
genes in this CodeSet. (Yellow stippled lines) Fold change criteria of 1.3 increased or decreased. (Green squares) DE genes, of which there are ten in this CodeSet.
(Black circles) Non-DE genes. (Light blue triangles) Positive controls in the CodeSet, which are present at 4-fold sequential concentration differences; these are
spikes of alien sequences, with the lowest concentration giving normalized counts below 100. (Dark blue triangles) The eight negative controls in the CodeSet.
(Right) Raw image of fluorescent barcodes from CodeSet Gorilla at 1 mg RNA. Each barcode is attached to a single RNA target through hybridization. NanoString
image analysis software tabulates each barcode and reports the number of counts for its associated gene.
(B) Normalized counts for OR genes in the Pcen cluster (n = 24) and Ptel cluster (n = 23), arranged according to their relative position from centromeric/left
to telomeric/right on Chr 7. (Green columns) Wild-type control mice; (red columns) homozygous DP mice. Error bars represent the mean of normalized
counts + 99% CI.
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Figure 4. qPCR Analysis of OR Gene Expression
(A) qPCR with ABI StepOnePlus system. The same RNA samples as in Figure 3 were subjected to NanoString analysis (CodeSet Gorilla) and qPCR TaqMan
assays for 13 genes in the Pcen cluster. Correlation between M, log2 fold change detected by NanoString (horizontal axis) and this value for qPCR (vertical axis).
Squares indicate OR genes that are DE according to NanoString. Circles indicate OR genes that are non-DE.
(B) Very close agreement between the assays shown by their respective M values. Squares indicate OR genes that are DE according to NanoString. Circles
indicate OR genes that are non-DE. Error bars represent the M value ± 99% CI. There is no significant difference between the assays; the CIs overlap.
(C) qPCR with Fluidigm BioMark HD system. Results of a total of 8,846 qPCR reactions are plotted. Very close agreement between the assays shown by their
respective M values. Squares indicate OR genes that are DE according to NanoString. Circles indicate OR genes that are non-DE. Error bars represent the M
value ± 99% CI.
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Figure 5. Local, Early Onset, and Stable Effects of DP
(A) MC plot of normalized counts in 21-day-old mice, using Gorilla. M values are shown for the 577 informative OR genes in CodeSet Gorilla, arranged according
to their relative position along the chromosomes. The ten DE genes are all in the Pcen cluster on Chr 7; of these, nine genes are decreased, and one gene (Olfr715)
is increased.
(B) MC plot of normalized counts in 3-day-old mice, using Gorilla. The rank order of affected genes is comparable with (A).
(C) Developmental profile of M values in mice that are 10, 21, 35, or 70 days old, using Century. Error bars represent the M value ± 99%CI. The fourMOR families
in the Pcen cluster are depicted in various shades of gray. (Filled squares) Genes that are DE according to tTREAT within an age group. (Open circles) Genes that
are non-DE.
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genes by tTREAT with the usual criteria of fold change threshold
of 1.3 and p% 0.01. We then analyzed the M values of the four
ages for each gene with ANOVA. In order to make correct post-
hoc comparisons between the M values for a gene, the 99% CIs
were adjusted by Tukey’s method. We find that the DP pheno-
type is stable within this age range, except for a small and
gradual increase of the three telemoric-most genes. Olfr715 is
not DE at 10 days but becomes DE at 21 days, with an M value
that is significantly greater than at 10 days and significantly
smaller than at 70 days. Note that, within a MOR family, genes
can be affected differentially.
The early onset and stability of the gene expression changes
indicate that our NanoString and qPCR analyses reflect the
true gene expression phenotype of DP, rather than secondary
effects on OSN survival and glomerular stability.
DP Heterozygous Mice Show an Intermediary
Expression Level
OR genes exhibit tight monoallelic expression. At the level of a
single OSN, an OR gene is expressed from one allele only; and
at the level of the olfactory epithelium, each allele is expressed
in 50% of OSNs that express this gene. In theory, we should
be able to predict the counts of a DE gene in DP heterozygous
mice by summing half of the wild-type counts and half of the
homozygous counts. Figure 6A shows counts for nine DE genes
in the Pcen cluster assayed with CodeSet Pilot-65b. We find
a very close agreement between the predicted and actual counts
within the 99%CIs, except forOlfr716, for which there is a minor
discrepancy.
Thus, the P element operates in cis; the wild-type P element
cannot substitute for the deleted P element on the homologous
chromosome in heterozygous mice.
DP3DH Double-Mutant Mice Show Local
and Additive Effects
The DH phenotypes (Fuss et al., 2007; Nishizumi et al., 2007) re-
vealed similar local and cis effects on the adjacent cluster of
seven OR genes. It has been speculated that some aspects of
the DH phenotype could be rescued by H-like regulatory
elements elsewhere in the genome (Williams et al., 2010). The
DP strain and our NanoString assay now enable us to test this
ad hoc hypothesis by analyzing DP3DH double-mutant mice.
However, an experimental limitation is that the DH strain is not
in an inbred C57BL/6 background; counts show significant
differences between 129/SvEv and C57BL/6 mice for numerous
OR genes (data not shown). These differences are likely due to
real differences in the probability of OR gene choice and/or in
the transcriptional strength of the promoters between these
two genetic backgrounds.
Despite the limitations posed by the mixed genetic back-
ground of DH, the analysis of the DP3DH double-mutant mice
is informative (Figure 6B). The MC plot now shows a ‘‘double
dip’’: a decrease in gene expression locally on Chr 7 (P element)
and another decrease locally on Chr 14 (H element). Eight
additional OR genes appear to be DE in DP3DHmice compared
to the control strain; seven of these eight genes arewithin 1 centi-
Morgan of the H element, and five of these seven genes are also
DE in DH mice (data not shown). The most likely explanation fortheseminor decreases is that theORgenes in thegenomic region
surrounding the DH mutation have been inherited through many
generations of mouse crosses as a block of 129P2OlaHsd
genomic DNA from the ES cell line E14. There is essentially no
appropriate control strain for the mixed background of DP3DH.
We cannot exclude a weak effect of H on OR genes outside its
cluster of seven OR genes and within one centiMorgan.
Thus, the effects of DP and DH on OR gene expression are
local and additive. These elements cannot substitute for each
other in regulating OR gene choice.
In Situ Hybridization
Our NanoString and qPCR experiments measure the relative
levels of RNA transcripts of OR genes in samples of whole olfac-
tory mucosa that have been homogenized. A decrease in the
tissue RNA level for a given OR gene (thus a fold change with
a negative M value) could be due to a decrease in the number
of OSNs that express this gene, a decrease in the number of
RNA transcripts of this gene per OSN, or both. It is also conceiv-
able that the OR RNA transcript level per OSN is increased,
whereas the number of OSNs is decreased, or vice versa. To
distinguish between all of these possibilities, OSNs that express
a given ORmust be counted by a method that affords single-cell
detection of gene expression such as in situ hybridization (ISH).
We could design specific ISH probes only for some OR genes
in the Pcen cluster due to the high sequence similarity of the
genes and the greater length requirement (500 bp) of ISH
probes than for NanoString and qPCR. We tested Olfr701,
Olfr702, Olfr710, Olfr6, Olfr711, Olfr2, Olfr713, Olfr714, and
Olfr17; of these nine genes, six are DE according to NanoString.
The zonal expression of these OR genes (Ressler et al., 1993) is
not affected in DP mice (data not shown). Cells were counted
from digital files containing high-resolution image scans of the
histological slides.
Figure 7A shows a very high Pearson coefficient of 0.99
between the log2 fold changes of counts of cells (ISH) and of
counts of barcodes (NanoString), based on ISH data from four
wild-type control mice and four DP mice, aged 19–21 days. Fig-
ure 7B shows that there are no significant differences between
these two types of fold changes for all nine genes inDPmice. Fig-
ure 7C is about 2-day-old DH mice: here too, the fold changes of
thecell counts (taken fromFigure4 inFusset al., 2007) and the fold
changesof theNanoStringcounts shownosignificantdifferences.
These very close agreements in fold changes lead to themajor
conclusion of this paper. OR genes inDP orDHmice are affected
to the same extent in terms of numbers of expressing OSNs and
tissue RNA levels. In other words, the P and H elements regulate
the numbers of OSNs for certain OR genes in their clusters, but
the average level of OR RNA per OSN in the cells that remain in
DP or DH mice is comparable to that of wild-type control mice.
Thus, the P andH elements regulate the probability of OR gene
choice, not the level of transcription from OR promoters.
DISCUSSION
DP, DH, and DP3DH Gene Expression Phenotypes
The P element is the second regulatory element for an OR gene
cluster to be characterized in mouse by targeted mutagenesis,Cell 147, 907–921, November 11, 2011 ª2011 Elsevier Inc. 915
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Figure 6. DP Heterozygous Mice and DP3DH Double-Mutant Mice
(A) Normalized counts for DE genes in 21-day-old wild-type control (WT/WT), heterozygous (WT/DP), and homozygous (DP/DP) mice, analyzed with CodeSet
Pilot-65b. Blue asterisks represent the average and red dots the limits of the average ± 99%CI. The black circles for WT/DP show the predicted counts according
to the formula: WT/DP counts = 1/2 (WT/WT counts) + 1/2 (DP/DP counts).
(B) MC plot of DP3DH double-mutant mice are compared to a companion strain of wild-type control mice in a non-inbred 129 3 C57BL/6 background. The
mutations cause a local double dip in Chr 7 (P) and Chr 14 (H). A few other differences in counts of H-linked OR genes are likely due to differences in genetic
background.
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Figure 7. Fold Changes of ISH Cell Counts and NanoString Barcode Counts
(A) DP mice. Correlation between M values (log2 of the fold change) detected by NanoString (horizontal axis) versus ISH (vertical axis). Squares indicate the OR
genes that are DE according to NanoString. Circles indicate genes that are non-DE. The Pearson’s product-moment correlation coefficient approaches 1,
indicating the very high correlation between the two assays.
(B) DPmice. Very close agreement between the barcode counts and the cell counts shown by their respective M values. Squares indicate OR genes that are DE.
Circles indicate OR genes that are non-DE. Error bars represent the M value ± 99% CI. There is no significant difference between the two sets of results; the CIs
overlap. Note that the lower the counts, the wider the CIs. For instance, forOlfr711,Olfr2,Olfr713, andOlfr714, the actual ISH counts are in the single digits in the
mutant mice.
(C) DHmice. Very close agreement between the barcode counts and the cell counts shown by their respective M values. Squares indicate OR genes that are DE.
Circles indicate OR genes that are non-DE. Error bars represent the M value ± 99% CI. There is no significant difference between the two sets of results; the CIs
overlap. Cell counts are taken from Figure 4 of Fuss et al., 2007.
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after the H element (Serizawa et al., 2003; Fuss et al., 2007; Nish-
izumi et al., 2007). The H element also operates locally and in cis,
and the seven OR genes in the adjacent cluster are completely
(proximal genes) or partially (distal genes) H dependent. There
is a distance-correlated decrease in the number of OSNs that
express the distal genes. By contrast, the genes that are the
most affected by DP (Olfr2, Olfr711, and Olfr6) are not the
most proximal genes, and there is no clear correlation between
linear genomic distance and decrease of expression. The
distances over which the H and P elements exert an effect (as
defined by a reduction of gene expression when deleted) are
strikingly similar: 193 kb and 209 kb, respectively.
TheDP3DHphenotypedoesnot support a speculation that has
been raised against the interpretation of the DH phenotypes (Wil-
liams et al., 2010): other H-like regulatory elements elsewhere in
the genome could substitute (but perhaps less effectively) for
H in its absence, through interchromosomal interactions. The
DP strain enables us to explore this ad hoc hypothesis of rescue,
however far-fetched it may be. We find that P and H cannot sub-
stitute for each other from their native genomic positions; the
phenotypes are local and additive. A few additional OR genes,
which are linked closely to theH element, appear to be decreased
in DH and/or DP3DH mice, and we attribute these minor differ-
ences to the non-inbred backgrounds of the DH strain and the
DP3DH cross. We are in the process of generating another DH
mutation in an inbred C57BL/6 background and will then be able
to compare rigorously DP3DH with DP and DH, all in inbred
C57BL/6 backgrounds. As additional regulatory elements for
OR clusters will be identified and the corresponding D strains
will become available in inbred C57BL/6 backgrounds, functional
interchangeability canbeexplored further inmultiplemutantmice.
Activity of H and P in Transgenic Mice
The H and P elements have striking activity on OR or reporter
expression when included in transgenic constructs and inte-
grated in the genome outside of their native contexts. The H
element can boost transgenic OR gene choice to very high prob-
abilities: several lines express the transgene in nearly all OSNs
(Serizawa et al., 2003). Likewise, the P element affords taubga-
lactosidase expression in10% of mature, class II OR-express-
ing OSNs in several transgenic lines (Bozza et al., 2009). The P
element appears to exert in and of itself promoter activity, as
no heterologous promoter was included in the P transgenic
construct. However, we have not been able to identify a tran-
script that is generated from the P element within its genomic
position. Promoter activity of the H element has not been
demonstrated but probably has not been tested adequately.
The H and P elements share a 13 nucleotidemotif that is 100%
conserved and contains a homeodomain (HD)-binding site
(Vassalli et al., 2011). Multimerizing a 19-mer that includes this
13-mer results in a dramatic increase in the fraction of founders
and transgenic lines that express the transgene, as well as
the numbers of transgene-expressing OSNs. Multimerizing
a 19-mer with two nucleotide substitutions that prevent HD
binding does not have these effects, indicating that the
HD-binding sites are functionally relevant. It will be interesting
to determine whether targeted mutations of the HD-binding
sites in the P element produce a phenocopy of DP.918 Cell 147, 907–921, November 11, 2011 ª2011 Elsevier Inc.Other Regulatory Elements within the Pcen Cluster
Some OR genes are rarely if ever chosen for expression in DP
mice, such as Olfr2, Olfr6, and Olfr711. Other genes show only
a partial decrease, and the most-centromeric genes in the
Pcen cluster are P independent. The partial P dependence and
the P independence of the 24 OR genes in the Pcen cluster indi-
cate that there are other local regulatory elements for gene
choice. A similar conclusion has been drawn from theDH pheno-
types (Fuss et al., 2007; Nishizumi et al., 2007). Even a small
cluster of seven OR genes would need more than one regulatory
element, in contrast to the original model of H acting as a single
locus control region for this cluster (Serizawa et al., 2003).
As the H and P elements appear to have a genomic reach of
200 kb, we hypothesize that the 40 OR clusters contain
many of these regulatory elements, perhaps spaced, on aver-
age, 200 kb apart. With an average intergenic distance of
25 kb between OR genes, there could be as many as 150 reg-
ulatory elements for the repertoire of 1,200 OR genes. In zebra-
fish, there is evidence for multiple elements regulating gene
expression across a cluster, based on truncation experiments
with bacterial artificial chromosome transgenes (Nishizumi
et al., 2007).
Candidates for regulatory elements are thus far difficult to
identify from sequence analysis, as only two elements (H and
P) have been characterized experimentally in mouse. Histori-
cally, the H element was identified by the high sequence
homology (H stands for ‘‘homology’’) of a 2.1 kb noncoding
sequence between mouse and human (Serizawa et al., 2003).
The P element was a fortuitous discovery during the course of
characterizing candidate OR promoters in transgenic mice
(Bozza et al., 2009). Each new candidate regulatory element
will have to be deleted or mutated otherwise by gene targeting
to test its role within its genomic context.
Increase in OR Expression
The increase in expression of Olfr715 in DP mice is surprising,
and such increase has not been reported in DHmice. One expla-
nation is that, in some cases, OR gene choice can be determined
combinatorially by two regulatory elements together, say P + Q
for gene X and Q + R for gene Y. The decrease of interactions
between the promoter of X with Q in the formation of P+Q/X
complexes in DP mice would then free up the Q element to
interact more frequently with the promoter of Y and form more
Q+R/Y complexes.
We believe that we were able to detect reliably a small but
significant global increase in expression of the 553 genes in other
clusters in DP mice because we surveyed so many genes in
parallel and because our NanoString assay is highly sensitive
and specific. Each of these 553 genes is not classified as DE
according to tTREAT, however. Our interpretation is that the
probability of choice for these 553 genes per OSN is, in aggre-
gate, slightly increased in DP mice, paralleling the decrease in
the probability of choice for nine genes in the Pcen cluster.
Are the H and P Elements Enhancers?
The 2.1 kb H sequence (Serizawa et al., 2003) has been referred
to in the literature as ‘‘region,’’ ‘‘locus control region/LCR,’’
‘‘enhancer,’’ ‘‘enhancer element,’’ or simply ‘‘element.’’ The
usage of these multiple terms reflects our ignorance about its
type of activity in regulating gene expression.
Enhancers were defined in the early 1980s as DNA sequences
that increase transcription of a promoter in an orientation- and
location-independent fashion. But these two features of inde-
pendence remain to be explored for the H and P elements, for
instance by inversions or transplantations within their native
genomic contexts. A locus control region was defined in the
late 1980s as a DNA sequence that affords high-level expression
of a transgenic construct in a manner that correlates with trans-
genic copy number yet is independent of its position of integra-
tion in the genome (Grosveld et al., 1987). These features too
remain to be demonstrated for the H and P elements.
The conventional concept of enhancers is that these distant
sequences increase the level of transcription of a promoter. An
alternative concept is that enhancers increase the probability
of transcription of a promoter (Walters et al., 1995; Bulger and
Groudine, 2011). It is often difficult to distinguish between these
models of enhancer activity, as most enhancer experiments
measure RNA or reporter levels in bulk populations of trans-
fected or transgenic cells, rather than in single cells. The mosaic,
stars-in-the-sky expression pattern of the 1,200 OR genes
across the olfactory epithelium combined with the high expres-
sion level in individual OSNs enable us to count reliably the
numbers of OR-expressing OSNs by ISH. A comparison of the
fold change values of cell counts (ISH) and barcode counts
(NanoString) leads to the conclusion that the P and H elements
regulate the probability of OR gene choice locally and differen-
tially across their clusters, but not the average level of OR RNA
per cell. A rigorous test of this conclusion will require qPCR
analysis of single OSNs expressing an OR gene that is affected
by DH or DP.
The P and H elements may therefore be of more general
interest for our understanding of the regulation of gene expres-
sion: they may exemplify the concept of an enhancer as a
sequence that regulates the probability, but not the level of tran-
scription, of a promoter in a cell. The P and H elements appear to
act as binary on/off switches for OR genes, regulating the likeli-
hood of a promoter achieving a stable active state. In this way,
the P, H, and similar elements may be a critical component of
the mechanisms that result in the expression of one OR gene
per mouse OSN.
Most likely, sequences in theOR gene promoters also regulate
the probability of OR gene choice, specifically HD binding
sequences (Rothman et al., 2005). This hypothesis can be tested
by targeted swapping of the promoters of OR genes with varying
probabilities of choice. It will also be interesting to determine
whether continued presence of the P or H element is required
for transcription after the choice has been made by an OSN;
are they involved only in the establishment of the choice or
also in the maintenance of transcription?EXPERIMENTAL PROCEDURES
Gene Targeting
The 50 homology arm (centromeric) is 6,548 bp, and the 30 arm is 6,101 bp.
Arms were sequenced to confirm that the sequence matches exactly
C57BL/6. The self-excising neo-containing cassette ACNf (Feinstein et al.,2004) was inserted between the arms. The following nucleotides are deleted
from the P locus: GTAGCTCATTAACAACTTTTTAATGAAGTCGCAGACAGT
GACTGCTCATTAATAAATTTATTAGTCTGCAGCCCCAGAGATTAAAGAAAC
TGAAAACAGAAGTCAGTGACAACAGTGTTTAGCCAGAGTAGCTGCATCAG
AGTGAAAAGAGGGAACTTCTCTTGGCAGACTCCGAAACTTTTACTGTTGGA
CCTCTAGGGTCCTTGCAGGTCCCAGAAACTGTAATTCTGAAAATAGAAACC
TGGGGGGACTAAGAACTTGATGGGATGAAGGAAAAACAGAGCC.DP strain
Berry is available from The Jackson Laboratory (Bar Harbor, ME) as JR#16609,
official strain name C57BL/6-Rr13 < tm3Mom > /MomJ. The allele accession
number for Rr13 < tm3Mom > is MGI:5140090. Mice were bred and housed in
the same room, in Tecniplast green line cages, and under specified pathogen-
free conditions.
Total RNA Extraction
Whole olfactory mucosa was dissected from olfactory turbinates and immedi-
ately placed in RNA Stabilization Reagent, RNAlater (QIAGEN, Hilden, Ger-
many). Tissue collected from one mouse was placed in one tube and lysed
using TissueLyser LT (QIAGEN). Total RNA was extracted from each sample
individually using RNeasy Mini Kit (QIAGEN) and from GFP+ sorted cells that
were purified flow-cytometrically (JSAN desktop sorter, Bay bioscience
Kobe, Japan) using RNeasy Micro kit (QIAGEN). Genomic DNA was digested
using RNase-Free DNase I (QIAGEN).
qPCR
cDNA was reverse-transcribed from total RNA using SuperScript III Reverse
Transcriptase (Invitrogen, Carlsbad, CA). qPCR for 13 TaqMan assayswas per-
formed in triplicateonanABIStepOnePlusReal-TimePCRsystem (AppliedBio-
systems, Carlsbad, CA). 1 mg of total RNA from the sameRNA samples as were
used for NanoString was used for cDNA synthesis. 100 ng cDNA was used per
TaqMan Gene Expression Assay (Applied Biosystems). qPCR for 35 TaqMan
assays was performed on a BioMark HD System (Fluidigm, South San Fran-
cisco, CA), using 96.96 integrated fluidics circuits by JordanMoore at Fluidigm
Europe (Paris, France). Specific target amplification was carried out for the Flu-
idigm experiments according to the manufacturer’s instructions. Triplicates for
each mouse and duplicates for each assay for each of two Fluidigm integrated
fluidics circuits were used. Samples from 12 DP mice and 12 wild-type control
mice (which include themice of the StepOnePlus experiments) resulted in up to
144 values for anORgene inDPmiceor inwild-type controlmice. Sampleswith
Ct values greater than 27 were removed; a gene was judged suitable for further
analysis if < 50% of the samples were deleted. A total of 28/32 OR genes were
thus retained. TaqMan assays are in the Supplemental Information.
Processing of NanoString Counts
One mg of RNA from whole olfactory mucosa, RNA from sorted cells, or direct
lysate was applied in 5 ml for a total volume of 30 ml in the assay. Barcodeswere
counted for 1,150 fields of view per sample. The data with Pilot-65 shown in
Figure 2A were obtained by Nathan Elliott at NanoString (Seattle, WA). Counts
were collected as XLS files and then processed in three steps. The first normal-
ization is with respect to the geometric mean of the positive control spike
counts. The second normalization is with respect to the geometric mean of
five reference genes (Adcy3, Ano2, Cnga2, Gnal, and Omp) that we selected
as the most stable using the geNorm algorithm (Vandesompele et al., 2002).
Finally, a background correction was done by subtracting the mean + two
standard deviations of the eight negative control counts for each lane. Values
that were < 1 after the third step were fixed to background level. The fold
change (FC) is calculated as the ratio of the geometric mean of the counts in
homozygous mice (xH) over that in wild-type control mice (xW ), according to
the formula FC= xH=xW . As ratios are heavily skewed, the log2(FC) value,
referred to as M, is presented in most figures and analyses instead of the FC
value. In MA plots, the M value for a gene is plotted against the quantity A,
which is log2 of the geometric mean of the wild-type counts for that gene.
Counts are not directly comparable between probes and can thus not be con-
verted into relative concentrations within a sample.
Statistical Methodology
For NanoString results, we used Student’s t test relative to a defined FC
threshold (TREAT) to test whether genes are differentially expressed (DE).Cell 147, 907–921, November 11, 2011 ª2011 Elsevier Inc. 919
TREAT (McCarthy and Smyth, 2009) allows us to assess through a statistical
test the null hypothesis that the level of differential expression is greater than
a defined FC threshold. TREAT was developed to analyze microarray data:
genes must satisfy a certain level of significance (p value) and an FC criterion
in order to be accepted as DE. The application of a formal statistical test like
TREAT to determine whether a certain FC is statistically significant, instead of
a binary FC criterion, offers greater specificity and reproducibility in identifying
DE genes. We set the FC threshold for TREAT at 1.3. Let Mg be the log2(FC)
of a gene g, and then TREAT tests the following composite hypothesis
H0 : jMgj% log2ð1:3Þ. We used the normal t statistic instead of themicroarrays’
moderated t statistic (Smyth, 2004) to test the aboveH0; we refer to this test as
tTREAT. We computed the p values in a similar way as for TREAT. Finally, we
adjusted these p values (Benjamini and Hochberg, 1995) to account for
multiple hypothesis testing, as we are testing 577 genes simultaneously.
For qPCR results, the target gene Ct values were normalized with respect
to the values of the reference genes, creating DCt values. The mean of the
DCt values of wild-type control mice was then subtracted from the mean of
the mutant mice, leading to a DDCt. This quantity is similar to the M value
for NanoString analysis (it equals M), and an FC for qPCR results can be ob-
tained as 2–DDCt. The relation between the NanoString and qPCR values was
explored by means of a Pearson product-moment correlation coefficient
(r˛½1;1).
The R environment (Ihaka and Gentleman, 1996) version R 2.12.2 was used
for all statistical analyses and for producing figures. The significance (type I
error) was set to 0.01.In Situ Hybridization
In situ hybridization was carried out as in Ishii et al., 2004 and Fuss et al.,
2007. Riboprobes of fragments of OR genes were prepared from C57BL/6-
derived cDNAs that were cloned and sequenced see (Supplemental Infor-
mation). Coronal sections were collected onto 20 slides each containing
12 sections, such that a slide contains every 20th section and covers the
olfactory epithelium from the first appearance of the turbinates to the
caudal end of the epithelium. To examine representative parts of the epithe-
lium, we hybridized each slide set with a two-riboprobe combination. Slides
were scanned at high resolution using an Aperio ScanScope FL scanner
(Aperio, Vista, CA). Cells were counted from the digital image files by
manual annotation in ScanScope, without knowledge of the genotype and
probes.SUPPLEMENTAL INFORMATION
Supplemental Information includes one table and can be found with this article
online at doi:10.1016/j.cell.2011.09.049.ACKNOWLEDGMENTS
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